The Bhattacharya method was used to calculate reference values from unselected patient data. These values were compared with reference values obtained from data from a blood donor population group following the recommendations of the IFCC. Differences between the results could be attributed in part to different statistical methods, and in part to differences between populations. With some limitations, the Bhattacharya method can be of help in the determination of reference values and quality control.
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For the interpretation of patient laboratory data it is necessary to have reference values for comparison, but it is not always simple to obtain these data in a healthy population. In 1987 the IFCC published extensive recommendations on the theory of reference values, the selection of individuals for obtaining reference values and the statistical handling of collected data.t' The realization of a reference population file and selection of reference individuals is time-consuming and costly. It is not surprising that in many laboratories reference values obtained from the literature are being used.
Assays and reference population groups can differ among countries, regions or laboratories, so reference values cannot simply be taken over from other laboratories. Alternatively, reference values can be calculated from the unselected total laboratory production by so-called 'indirect' methods including the method described by Bhattacharya.l" These methods make use of the fact that most of the data produced in a clinical laboratory are non-pathological. One of the limitations is the rather large number of data needed to obtain relevant statistics. Now that computers are increasingly used in clinical chemistry, and software is available, statistical calculations are easy to execute.
In this study we calculated reference values according to the Bhattacharya method? including three modifications. Reference values were also calculated following the statistical method proposed by the IFCC and applied to a population Correspondence: Drs W P Oosterhuis group of blood donors. The utility of the Bhattacharya method for laboratory practice is discussed.
MATERIAL AND METHODS

Patients and donors
Blood was collected from apparently healthy non-fasting donors using a vacuum system. The samples were centrifuged at the bloodbank and the serum was collected in separate tubes and stored at 4°C. Analysis was performed directly or within I day. The different location of the blood bank implied that some differences in sample processing could not be prevented. Over 3 months data from patients were filed using an on-line connection of a Philips NMS 9100 personal computer with a Hitachi 704 analyser. A description of the analytical methods used was considered irrelevant for this study and has been omitted.
Calculation of the reference interval Non-parametric method (distribution free)
The boundaries of the reference interval were calculated to enclose 95% of the reference population group. This method has its limitations: a relative large reference population group is required, and it is very sensitive to outliers."
Parametric method
Assuming the distribution to be normal, the interval was calculated directly from the mean and standard deviation (± 1·96 SD). This method is more accurate than the non-parametric method for a certain sample size. If the results are not (where the sign is identical to the sign of Yi)
The variable m was calculated iteratively. The iterative procedure was ended at values of skew-ness~0·02 and kurtosis~0·02.
Bhattacharya method
The method is described elsewhere.' A short description is given here: a hospital population can be regarded as a main population consisting of patients with non-pathological laboratory test results and a small disturbing population with pathological results. These two populations can be separated mathematically if the two populations do not overlap too much, if the distribution of the main population is known, and if the sample size is sufficiently large. In the unmodified Bhattacharya method the distribution of the main population is assumed to be Gaussian.
The total frequency distribution is divided in a number of equally spaced classes. When the logarithm of the ratio of the frequencies in two subsequent classes is plotted against the midpoint of the first class, the Gaussian component will display a straight line Yi = ax; + b with: distributed normally transformation procedures can be used. In that way a normal distribution can usually be obtained, Harris and DeMets ll proposed a two step transformation. First the skewness (asymmetry) is corrected for, then the kurtosis (flattening or peaking of the curve). The IFCC has adopted this method in their recommendations' and it was applied in this study (referred to as 'the IFCC method').
Skewness and kurtosis were calculated as follows:
The results were transformed to a Gaussian distribution using a two step transformation: I. Correction for skewness:
I. = number of results in class i Xi = middle of class i
The mean m and standard deviation s can be obtained from: m
The straight part of this Bhattacharya plot can be visualized better by applying a smoothing procedure and as a result will be disturbed to a lesser extend by random fluctuations. In this investigation a five-point Savitzky-Golay smoothing procedure was used."
The linear part of the Bhattacharya plot was determined with a weighted least squares procedure. A weighting factor was used so the tails of the frequency distribution would only little influence the results.
Weighting factor = (Ii + 1.+ 1)2
This weighting factor gave the best results when applied to normal distributions that were contaminated with abnormal data (40% and one-sided"),
The computer program used contained an algorithm by which the linear part of the plot was determined automatically. Figure lea ) and (b) shows a typical histogram of the frequency distribution and the calculated Bhattacharya plot.
Most laboratory data do not have a Gaussian distribution and the basic assumption of the Bhattacharya method will not be valid. Naus assumed the distribution of the main population could be described by a gamma function which was calculated using an iterative procedure.' Baadehuijsen and Smit described a second modification." The data of the total unselected hospital population obviously cannot be transformed to a normal distribution because the deviation from the normal distribution is caused in part by results that are pathological. Only the analytical data near the mean were used (at least 40% of all results). It was assumed that calculations on this subpopulation were not much influenced by pathological test results. Transformation parameter c was calculated from this subpopulation. The whole population was transformed according to this parameter, using the one step transformation: 
Bhattacharya method (unmodified) assuming a Gaussian distribution
Test results of analytes with an almost Gaussian distribution in the donor population (skewness < I) gave a larger reference interval in the hospital population than in the donor population (Table I: total protein, creatinine, phosphate, LDH, alkaline phosphatase, cholesterol). Test results with an asymmetric distribution in the donor population (skewness> I) gave a smaller reference interval in the hospital population with a lower upper reference limit (Table I: yGT, ALT, AST, bilirubin, CK). The range of the reference interval calculated from the patient data was dependent on the asymmetry of the distribution of the test results determined in the donor population ( Fig. 2 ).
Hospital population
At least 1500 data were used for every calculation. Four different methods were compared.
Bhattacharya method starting from a gammadistribution
The range of the reference intervals was closely comparable to those calculated with the unmodified method, but with higher upper reference limits. In asymmetrical distributions the agreement was somewhat better compared with the reference values of the donor population using the IFCC method ( Fig. 2 ).
Other methods
Neither the method as described by Baadenhuij-IFCC recommendations distributions, Instruchemie Netherlands).
Donors
The results of many tests were dependent on sex, so the sex ratio of the donor population was matched with the ratio of the patient population. The number of donors ranged from 155 to 239. Test results of most analytes were not distributed normally. Reference values were calculated following the non-parametrical method and following the IFCC recommendations for the parametrical method with a two step skewness and kurtosis correction. There were small differences between the methods, more pronounced in the determination of enzyme activities (Table  I) . c was computed iteratively to produce a transformed function with a skewness of zero. In this study software was reproduced according to published data."
RESULTS
In this investigation a third modification was used. It was known by studying the donor population in which way the results were distributed for each particular analyte. Most of the results did not have a Gaussian distribution and the values for skewness and kurtosis were calculated. It was assumed that the test results of the main population of the unselected hospital population were distributed identically to those of the donor population. The two-step transformation procedure was applied to the analytical results of the hospital population using the parameters calculated from the donor population. Subsequently the main population was separated from the disturbing population using the unmodified Bhattacharya method.
Calculations were performed on an Olivetti M240 personal computer using Bacchus, a software package designed to calculate reference values using the Bhattacharya method and the he range of the reference interval is determined by all factors that add to the variance of the analysis: sample collection and processing, method of measurement, inter-individual variance (sex, age, race, etc.) and intra-individual variance (time of day, diet, exercise, etc.). More variables will increase the reference interval and therefore the latter will lose its predictive value. This can be prevented by starting from a homogeneous reference population, with reference individuals sufficiently resembling the patient examined in all respects other than those under investigation. By using a baseline value the patient is his own referent.":"
Reference individuals should be healthy, but it is more difficult to determine health than to diagnose illness. The Scandinavian Committee on Reference Values has published a list of diseases to consider for exclusion of individuals;" the IFCC refers to this list. I It will not always be possible to follow these recommendations. For instance, in paediatrics it is difficult to collect a reference population of sufficient size. In practice the reference population often consists of blood donors. It has been pointed out that this population differs from a hospital population in many respects, for instance sex, age, exercise, diet, mental and physical stress, etc. Various indirect methods were developed for the determination of reference values from the analytical results of an unselected hospital population. It is necessary to know that statistical distribution of the 'normal' subpopulation in order to separate this population from the 'abnormal' subpopulation. The distribution mentioned is however unknown and
DISCUSSION
Application of the Bhattacharya methods to the donors' results
The reference values may depend on the statistical method used. This was investigated by calculating reference intervals using the data of the donor population alone. Since this was a homogeneous population, less data were needed than with the inhomogeneous hospital population. The two Bhattacharya methods and the IFCC method were compared (Table 1) . The upper limits of the reference intervals were lower when calculated with the Bhattacharya methods than with the IFCC method ( Fig. 3) . A much better agreement was found between reference intervals calculated from data of donor and hospital populations when they were calculated using the same Bhattacharya method for both populations. a sen and Smit" nor the transformation using transformation parameters derived from donor results ('donor correction') gave better results in terms of a better agreement with the reference intervals of the donor population derived using the IFCC method (Table 1 ). The correlation of the reference values with the asymmetry of the distribution mentioned above remained. Ratios of the upper limits of the reference intervals of the donor population alone. The donor data wereprocessedfollowing the IFCC recommendation, and using the unmodified Bhattacharya method (.) and the modification using a gamma function (0). If the donor data were more skewed, lower upper reference limits were calculated from the same data using the Bhattacharya methods. can never be derived from the patient data alone. In this way every indirect method is based on an assumption for this distribution
The unmodified method of Bhattacharya assumes this distribution to be Gaussian. Some analytical data were indeed more or less distributed normally in the donor population. In the hospital population and for the same analytes the Bhattacharya method gave larger reference intervals compared with the intervals calculated for the donor population following the IFCC recommendations. This was expected assuming the hopsital population to be less homogeneous than the donor population. In an asymmetrical distribution this method often led to an underestimation of the upper limit of the reference interval. Many high values will not fit the calculated Gaussian distribution.
The modification of the Bhattacharya method starting from a gamma distribution gave higher upper reference limits for almost all analytes compared with the unmodified method both in the donor and in the hospital population. For asymmetrically distributed analytes results were obtained that were in better agreement with the results of the donor population (IFCC method) compared with the unmodified method. The upper limit of the reference interval, however, was often lower than in the donor population (IFCC method). This also applies to the results that were obtained using the method described by Baadenhuijsen and Smit" and to the third modification of the Bhattacharya method. This modification is based upon the assumption that identical tests show the same distribution in donors as in the 'normal' subpopulation of patients. This supports the assumption that in this 'normal' subpopulation analytes are distributed differently compared with the donor population.
In conclusion, the unmodified Bhattacharya method performed better with less skewed data, while the modification based on a gamma function showed better results if data were distributed more asymmetrically.
With some tests, differences between reference intervals from donors and patients remain unexplained. Physical stress before a blood sample was taken could lead to the high values of CK found in donors." Some differences in sample processing between hospital and donor population could not be prevented.
When the Bhattacharya methods were applied to donor results, smaIler reference intervals with lower upper reference limits were found com-pared with those calculated by the IFCC method. The difference between the reference intervals, calculated with the Bhattacharya methods (patients), from those calculated by the IFCC method (donors) proved to be dependent on the skewness of the distribution. Possibly the weighting factor is not correct for skewed distributions as was also suggested by Hemel." This factor was determined with Gaussian distributions contaminated with 'abnormal' results.' The determination of weighting factors in skewed distributions demands additional investigation. The best agreement was found between reference intervals calculated from donor data and patient data using the same Bhattacharya (gamma) method.
One must balance the advantages and limitations of both methods. The IFCC method is time consuming and expensive. In some cases this method is difficult to perform, as in a paediatrics.P A reference population of donors is not comparable in many respects to the hospital population. The Bhattacharya methods are not expensive and are easy to perform in automated laboratories. The reference population is identical with the hospital population. Changes in the test method or sample processing do not mean that a new reference population must be selected. The Bhattacharya method can be used for internal quality control, comparable to the moving average. Limitations are that rather large numbers of data are needed (> 1500),3 that with new methods reference values cannot be calculated immediately, and that measurements that are performed incidentaIly cannot be processed in this way. The Bhattacharya method and modifications thereof applied to patient data give results that differ systematically to some extent from the method proposed by the IFCC applied to donor data. These differences were in part due to true differences between the hospital and donor populations. The more inhomogenous hospital population resulted in larger reference intervals. Differences were in part due to differences in the statistical method used, leading to low reference values for the more asymmetrical distributed test results when calculated with the Bhattacharya methods.
